Introduction: Type 1 diabetes mellitus (T1DM) is associated with inflammation and the production of reactive oxygen species (ROS). Systemically, free thiols (R-SH) can be oxidized by ROS and circulating R-SH concentrations may directly reflect the systemic redox status. In this study the association between R-SH and clinical parameters of T1DM, including glycated haemoglobin A1c (HbA1c), was investigated. This is of particular interest since thiols are amendable to therapeutic intervention. Methods: As part of a prospective cohort study, data from 216 patients with a mean age of 45 (12) Conclusions: In addition to a negative association with NT-proBNP, no relevant relationships between R-SH and parameters of T1DM, including HbA1c, were present in this study.
Introduction
Systemic oxidative stress is caused by an imbalance between oxidative and antioxidative systems, resulting in a net overload of oxidative free radicals and thereby reactive oxygen species (ROS). 1 As a pathogenic result, these excessive amounts of ROS modify the function and structure of cellular components such as proteins and lipids. This leads to cellular dysfunction, as evidenced by an impairment of energy metabolism, changes in cell signalling, variations in cell cycle control and an impairment of cell transport mechanisms. 2 Subsequently, a dysfunction in processes such as immune activation and inflammation occur. Hyperglycaemia by itself is able to promote the production of ROS as revealed by an enhancement in lipid peroxidation. 2, 3 These processes are considered central in the pathogenesis of type 1 diabetes mellitus (T1DM) related microvascular and macrovascular complications. 4 Despite improvements in the management of glycaemia and cardiovascular risk factors, T1DM is still accompanied by a high rate of complications, all of which are associated with mortality as well as reduced health-related quality of life (HRQOL). 5 Thiols are organic compounds that are characterized by the presence of a sulfhydryl (R-SH) moiety. 6 Thiols exist as proteins with one (or more) free cysteine groups or as low-molecular-weight compounds like glutathione in cells and also in extracellular fluids. Systemically, the concentration of thiols is lower than intracellularly. In serum, albumin is the most abundant thiol. 7 R-SH groups can be oxidized by ROS and by other reactive species such as sulphur and nitrogen species. The plasma concentrations of total R-SH are proposed to reflect the systemic body redox status indicating that a decline in circulating R-SH reveals enhancement of the oxidative tone. 8, 9 Free thiols are receptive to therapeutic modulation, for example by cysteine derivatives such as N-acetylcysteine. Evaluation of systemic free thiols in disease conditions may therefore have diagnostic or therapeutic merit. 7, 10, 11 Serum free thiol depletion has been reported in patients with cardiovascular disease, including acute myocardial infarction (MI), when compared with controls. 12, 13 In stable heart failure patients, higher levels of serum free thiols were associated with favourable diseases outcomes. 9 In addition, high R-SH serum concentrations have been shown to be associated with a beneficial cardiovascular risk profile and a better patient and graft survival in renal transplant recipients. 14 Interestingly, in inflammatory bowel disease (IBD) free thiols are a better reflection of the disease activity as determined by endoscopy, then faecal calprotectin, the classical biomarker for IBD. 15 Recently, increased oxidation of thiols towards the disulphide form was recently found in T1DM patients as compared with healthy subjects. 16 In that analysis, the total thiol concentration was correlated negatively with C-reactive protein and glycated haemoglobin A1c (HbA1c).
Given these results, and the potential of R-SH as a modifiable marker of ROS-mediated damage in the progression of T1DM and associated complications, we hypothesized that high R-SH concentrations are positively associated with clinical parameters of T1DM. Therefore, we studied R-SH in a cohort of T1DM patients.
Patients and methods
The FANTA study was designed as a prospective, cohort study to investigate several disease factors, including oxidative stress and HRQOL in persons with T1DM. Full study design and the results of HRQOL analysis in a subset of patients have been published in detail previously. 17, 18 In brief, from January 1995 to January 1996, consecutive visiting T1DM patients treated at the diabetes outpatient clinic of the Weezenlanden Hospital (nowadays Isala; Zwolle, The Netherlands) were invited to participate in the study. T1DM was defined as starting insulin therapy within 6 months after the first signs of diabetes and before the age of 30 years, or the absence of C-peptide secretion. In total, 293 patients agreed to participate. In the period from 1996 to 2002, a total of 32 patients dropped out of the study. Reasons for dropping out were: moving out of the area or referral to another physician (n = 12), unknown (n = 10), lack of interest (n = 6), death (n = 2) and incorrect diagnosis of T1DM (n = 2). For the present analyses, we analysed the 261 patients who were participating in 2002. For 45 patients, no serum samples were available. Therefore, a total of 216 patients were included in the present analysis.
The primary objective of the present study was to investigate the transversal association of serum R-SH concentrations and HbA1c in T1DM. As a secondary outcome, association of R-SH with other clinical characteristics of T1DM was assessed. Furthermore, the longitudinal association of serum R-SH concentrations with the development of microvascular and macrovascular complications was investigated.
At baseline, aliquots of ethylenediaminetetraacetic acid (EDTA) samples were collected and stored at -80°C (without thawing) until measurement. R-SH were measured as described previously, with minor modifications. 19, 20 Briefly, 75 µl serum was diluted 1:4 in 0.1 M Tris buffer (pH 8.2) and transferred to a 96-well plate. Using a Sunrise microplate reader (Tecan AG, Männedorf, Switzerland), background absorption was measured at 412 nm with a reference filter at 630 nm. Subsequently, 10 µl 3.8 mM 5,5′-dithiobis(2-nitrobenzoic acid) (Sigma-Aldrich, Zwijndrecht, Netherlands) in 0.1 M phosphate buffer (pH 7) was added to the samples. Following 20 min of incubation at room temperature, absorption was . In addition to a lower concentration of NT-proBNP in the highest quartile of R-SH (305-379 µM) there were no differences in baseline characteristics between the quartiles of R-SH (Table 1 ). The Pearson correlation coefficient for R-SH and NT-proBNP was -0.290 (p < 0.001). Of note, there was no significant correlation between R-SH and HbA1c at baseline (r = -0.024, p = 0.726).
During the follow-up duration of 15.4 (7.4, 15.8) years, one patient died (noncardiovascular cause) Overall, the time until the first event was 11.1 [95% confidence interval (CI) 9.7-12.5] years. As presented in Figure 1 there were no differences between the quartiles of R-SH in the development of (both microvascular and macrovascular) complications during follow-up (p = 0.62).
Cox regression analysis demonstrated that R-SH was not a prognostic factor for the development of both microvascular and macrovascular complications (see Table 2 ).
Discussion
There were no relevant relationships at baseline between circulating R-SH concentrations and indices of T1DM management, including HbA1c, and cardiovascular risk factors in this cohort of 216 patients with T1DM. Although a negative correlation of R-SH with NT-proBNP concentrations was present at baseline, we did not observe this for HbA1c.
These findings are opposite to the significant relation between fasting blood glucose, HbA1c, C-reactive protein with disulphide/native thiol and disulphide/total thiol levels found by Ates and colleagues. 16 In their study a shift of dynamic thiol/ disulphide homeostasis toward the disulphide form was present in T1DM (n = 38) patients as compared with healthy controls (n = 38). This shift may be secondary to increased ROS formation owing to (hyperglycaemia induced) inflammation in patients with T1DM. It could be hypothesized that the discrepancy between these and our findings is related to the degree of dysglycaemia; in the study by Ates and colleagues mean HbA1c was 88 mmol/mol as compared with 60 mmol/mol in the present study. Another explanation is that thiol metabolism is mostly influenced by short-term oxidative stress caused by acute glycaemic derangements. This may indicate that R-SH merely provide a snapshot of someone's momentary ROS/ antioxidant balance, which is then unlikely to correlate with a long-term indicator of glycaemic control such as HbA1c. Therefore, it would be of interest to investigate the within-person relationship between R-SH and within-day glycaemic variability (using continuous glucose measurements) and insulin administration as both instantaneously influences oxidative stress. Unfortunately, the present study lacks this information.
In the present study a negative correlation between R-SH and NT-proBNP, a marker of volume expansion and heart failure, was found. This observation is in agreement with previous studies among persons with heart failure and a renal transplant. 9, 14 Of note, this correlation remained present after adjustment for potential confounders (see Table 3 ). Increased ROS are an important element of the pathophysiology of heart failure, and contributes to the development of myocardial and vascular dysfunction; therefore, it is conceivable that thiols are a reflection of these processes. 22 On the other hand, effects on volume expansion cannot be ruled out. Since T1DM is accompanied by an increased prevalence of heart failure, 23 the nature of the relation between R-SH and NT-proBNP needs to be further explored.
For the interpretation of the results of this study, several limitations should be taken into account including the limited sample size. Although this study currently has the largest population with the longest follow-up concerning R-SH in T1DM in the literature, we cannot rule out that the longitudinal analyses were underpowered. In addition, as only one baseline measurement of R-SH was used for these analyses and there was a lack of data regarding other parameters over time (including HbA1c), these analyses should be interpreted with caution. Furthermore, the lack of a nondiabetic reference population, amount of drop-out of the original cohort and the lack of other plasma antioxidant species such as ascorbate, uric acid and small-molecular-weight thiols and markers of inflammation should be mentioned.
In conclusion, no relevant relationships between R-SH and parameters of T1DM care were present in this study. Although the results of this small study needs confirmation, it could be hypothesized that R-SH is more appropriate as an instantaneous, rather than a long-term, read-out of oxidative stress in T1DM. 
